Unlinked autosomal microsatellites in six Jewish and two nonJewish populations were genotyped, and the relationships among these populations were explored. Based on considerations of clustering, pairwise population differentiation, and genetic distance, we found that the Libyan Jewish group retains genetic signatures distinguishable from those of the other populations, in agreement with some historical records on the relative isolation of this community. Our methods also identified evidence of some similarity between Ethiopian and Yemenite Jews, reflecting possible migration in the Red Sea region. We suggest that highresolution statistical methods that use individual multilocus genotypes may make it practical to distinguish related populations of extremely recent common ancestry.
T
he first reliable evidence of Jewish immigration into the area now contained in Libya records the settlement of Jews from Egypt around 312 BCE (1, 2) , and the ancient historian Josephus reports the size of the Libyan Jewish population as 500,000 in the 1st century CE (3) . This community, however, was decimated by Roman rulers during revolts ending in 118 CE (2) . After a lengthy, severe, and poorly documented bottleneck in population size, Libyan Jews engaged in cultural interactions with Berber tribes that lasted through the 6th century CE (4) . During this time, the population absorbed Berber converts, although the proportion of Berber genetic contribution to the Libyan Jews is not known (1, 5) . A small number of additional Jewish immigrants may have entered the region from Spain in the 6th century (1) , and others may have arrived from Arabia and Syria with the Moslem conquest of Libya in the 7th century (6) . The Jewish population seems to have been significant by the 11th century (7), but after persecution and emigration under the Spanish and the Knights of Malta, from 1510 to 1551, it may have been small and mostly rural by the time of the Ottoman conquest in 1551 (1, 4) . Unlike other parts of North Africa, Libya did not serve as a major destination of Iberian Jews seeking refuge after their 1492 expulsion from Spain (2) . Although occasional Jewish immigrants arrived in Libya from Jewish communities in Italy and elsewhere, over the last 400 years the Libyan Jews were mostly isolated from all other Jewish populations (1, 4) . The Libyan Jews eventually numbered more than 30,000 before the emigration of 1949-1951, when most members of the group moved to Israel (4) .
Precise population size estimates of the Libyan Jews do not exist before this century (4) . One traveler reported the Jewish population of Tripoli to be about 3,000 in 1783 (1); a 1906 study estimated 12,000 Jews in Tripoli and about 20,000 in Libya as a whole (4) . Because Tripoli was the largest Jewish city and because little migration appears to have taken place into the Libyan Jewish population over the last 400 years, it seems reasonable to suggest that the group reached its largest population size of modern times at the time of its evacuation.
The few early records of the Libyan Jewish community indicate diverse origins and a series of population size fluctuations. Because of a dearth of information and the potential for preservation bias among sources documenting influential Jewish immigrants from Italy and Spain, it is difficult to quantify the contributions of different genetic groups to the population that eventually became the modern Libyan Jews-the ancient Jews, the Berber converts, and the possible sources of immigrants between the 5th and 15th centuries CE. A few facts appear to be clear from available records. First, this population was relatively secluded over the past 400 or more years, with its greatest demographic changes involving in situ population growth and urbanization of rural communities (1, 2, 6) . Thus, for at least 400 years and possibly longer, the group can be regarded as a small population isolate. Second, the demographic influences that acted on the Jews of Libya were different from those of other Jewish communities of North Africa. The Jewish populations of Algeria, Morocco, and Tunisia likely had later origins than the Libyan Jews had; they were subject to different conquests from those that brought immigrants to Libya; their hypothesized Berber admixture would have involved tribes different from those who lived in Libya; and importantly, they received a sizeable influx of Jews fleeing Spain and Portugal during the 14th to 16th centuries (2, 3) .
Despite historical information suggesting the possibility that Libyan Jews were relatively secluded from other Jewish groups, genetic evidence that Libyan Jews have a distinctive ancestry among Jewish groups has previously been inconclusive. Some studies using classical (8, 9) , mitochondrial (10, 11) , and Ychromosomal (12-17) markers have considered North African Jews in their treatments of genetic relationships among Jewish populations, but these studies did not assess the relationship of the Libyan Jews to other groups. Studies that treated Libyan Jewish and other North African Jewish populations separately identified hereditary disorders in Libyan Jews that are rare in other populations (6, 18) , but these studies did not find a consistent pattern of relationships among Libyan and other North African Jewish populations (6, (19) (20) (21) (22) (23) (24) (25) . Genetic studies of Jewish populations based on classical markers (6, 19, 20) initially found substantial allele frequency differences and high genetic distances between the Libyan and Moroccan Jews, and suggested that these geographically related Jewish populations may have maintained a considerable degree of isolation from each other. Although more recent analyses have not contradicted these reports, they have been unable to make strong conclusions about the Libyan Jews, placing them in different positions with respect to other Jewish and non-Jewish populations (21) (22) (23) (24) . These studies have generally found that most Jewish populations show genetic relationships closer to each other than to most nonJewish populations. Most recently, this evidence of shared † To whom reprint requests should be addressed. E-mail: noah@charles.stanford.edu.
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ancestry among Jewish populations has been strengthened by the discovery of an otherwise uncommon Y-chromosomal haplotype frequent in the widely geographically dispersed Cohanim (26) and by analysis of Y chromosomes in a variety of Jewish and non-Jewish populations from Africa, Asia, and Europe (16) .
In this article, we consider the genetic relationships among six Jewish and two non-Jewish populations using a statistical technique (27) that allows finer resolution of population structure than has heretofore been possible. Although all populations of our study are very closely related, we report that the Libyan Jews have been genetically isolated from other Jewish groups, including the Moroccan Jews. The same methods suggest some affinity between the Jewish populations of Ethiopia and Yemen.
Materials and Methods
Subjects. We analyzed 159 males from eight populations. These individuals were Ashkenazi Jews from Poland (20) , Druze (20) , Ethiopian Jews (19) , Iraqi Jews (20) , Libyan Jews (20) , Moroccan Jews (20) , Palestinian Arabs (20) , and Yemenite Jews (20) . DNA samples were obtained from The National Laboratory for the Genetics of Israeli Populations (www.tau.ac.il͞medicine͞ NLGIP͞nlgip.htm). Jewish DNA samples were contributed by second-generation immigrants to Israel from the various source populations. To avoid sampling from small communities whose genotypes were not representative of the whole population, the Druze in this study were identified from a large settlement in the Galilee region of northern Israel, and Palestinians were sampled in large cities.
Genotyping. We genotyped individuals for 20 unlinked microsatellites spread across 14 autosomes. These included seven dinucleotide polymorphisms (D1S235, D3S1311, D4S403, D6S305, D14S53, D20S103, D20S851), one trinucleotide (D4S2361), and 12 tetranucleotides (D1S1679, D2S410, D2S1400, D3S2387, D5S1456, D7S2846, D8S1128, D9S934, D10S677, D10S1426, D11S446, D17S1298). A Stratagene thermal cycler was used for the PCR reactions, which were performed in a 20-l final reaction volume containing 50-60 ng of genomic DNA, 10 mM dNTP, 200 M of each forward primer and of each reverse primer, 25 mM MgCl, 2 l of 10ϫ PCR reaction buffer, and 0.5 unit of Taq polymerase. Primers were purchased from Research Genetics (Huntsville, AL). Forward primers were fluorescently labeled. PCR cycling was performed as recommended by Research Genetics, with one alteration: a predenaturation step of 3 min and an extension time of 15 min. PCR products were run in an ABI 377 sequencer. Allele sizes were calibrated using a Genescan-350 TAMRA size standard run along with each sample. GENESCAN 672 and GENOTYPER 1.1 software packages were used to determine allele sizes. Alleles were designated by fragment size, which was measured in base pairs.
Statistical Analysis. For each pair of populations, we tested the null hypothesis that the two populations had identical allele frequencies. A contingency table was constructed with absolute allele frequencies for each pair of populations and each locus. Rare alleles were pooled as in ref. 28 . The chi-squared test statistic of association was computed for each locus (29), and these test statistics were summed across loci. Significance levels for this overall test statistic were obtained from the 2 distribution whose number of degrees of freedom equaled the sum of the numbers of degrees of freedom for the single-locus tests.
For each population, we also considered the normalized average differentiation test statistic across the seven pairwise comparisons with other populations. This overall statistic equaled the average of the ratios of the seven chi-squared test statistics to their numbers of degrees of freedom. Using the fact that the mean of a 2 distribution with k degrees of freedom is k (30) , and the fact that this statistic is an average of seven normalized chi-squared random variables X i ͞k i (i ϭ 1 to 7) each with mean 1, the expectation of the statistic is 1.
To test the correspondence of genetic clusters with culturally labeled groups, we used the computer program STRUCTURE (27) , which identifies clusters of genetically similar diploid individuals from multilocus genotypes without prior knowledge of their population affinities. For this analysis, we assumed that each individual had ancestry in all clusters, so that fractions of ancestry in the various clusters were estimated. Using a version of STRUCTURE that ignored population affiliation when clustering individuals, we ran the program for 1,000,000 iterations with a burn-in period of 30,000, with the number of specified clusters equaling one up to eight. The posterior probability that the proper number of clusters was 3 was essentially 1. An individual was assigned to a cluster if the fraction of his genome assigned to that cluster was greater than 75%. Although the value of this criterion was somewhat arbitrary, it did not greatly affect assignments of individuals to clusters. Repeated runs of STRUC-TURE produced nearly identical results to those shown.
We used the neighbor-joining algorithm (31) with the proportion-of-shared-alleles distance measure between individuals (32) to construct an unrooted tree of individuals. This genetic distance was computed using MICROSAT (33) . In the implementation of the neighbor-joining algorithm with the NEIGHBOR program (34), we randomized the input order of the individuals using the "jumble" option. The population-level analog of this distance (35, 36) was also calculated. For each locus, this allele-sharing distance summed the lower of corresponding allele frequencies in two populations across all alleles. These sums were then averaged across all loci genotyped, yielding an overall proportion of shared alleles (33) . For population-level distance, we used the negative logarithm of the proportion of shared alleles, and for individual-level distance, we used one minus the proportion of shared alleles.
We also computed F st distances according to ref.
(equation 5.3).

Results
Using the differentiation test, all population pairs were distinguishable at P Ͻ 0.0005, indicating that no two populations had the same set of allele frequencies ( Table 1) . Five of the six highest pairwise differences involved the Libyan Jews. When corrected for the number of degrees of freedom, the average chi-squared test statistic across comparisons was substantially higher for the Libyan Jews than for other populations.
To ensure that high population differentiation statistics did not derive from a single locus that was unusually variable in one group but not in other populations, we considered individual values of the differentiation test statistic, computed for each locus. For each pairwise comparison of populations, at least two loci produced significant test statistics at P Ͻ 0.01 (Table 1 ). The mean number of loci significant at P Ͻ 0.01 in the seven pairwise comparisons between the Libyan Jews and the other populations was 6.43.
Genetic distances were low in all pairwise comparisons: allele-sharing distances ranged from 0.299 to 0.552, and F st ranged from 0.0091 to 0.0656 ( Table 2 ). Distances that involved the Libyan Jews were generally larger than for other populations.
Because significant allele frequency differences were found across the populations, it seemed reasonable to expect that analyses based on the clustering of individuals would identify some genetic clusters that corresponded well to populations. In fact, STRUCTURE revealed a cluster that almost coincided with our sample of Libyan Jews (Fig. 1) . Of 20 Libyan Jewish individuals in our sample, 19 fell into Cluster 3 (Table 3) , while only five other individuals also fell into this cluster. This grouping of the Libyan Jews into Cluster 3 was highly statistically significant (X 2 ϭ 107.2, P Ͻ 10 Ϫ9 , 2 df), indicating that the Libyan Jewish appellation labeled not only a cultural group, but also a genetic cluster. Cluster 2 contained only Ethiopian and Yemenite Jews, whereas most sampled individuals fell into Cluster 1. Nine individuals did not belong to any cluster because no cluster was inferred to contain more than 75% of their ancestry. These unassigned individuals included one Ashkenazi Jew, two Druze, three Ethiopian Jews, two Iraqi Jews, and one Moroccan Jew.
A neighbor-joining tree of individuals based on the proportion of alleles shared between individuals clustered Libyan Jews in a few regions of the tree, including nine in one clade (Fig. 2) . For all pairs of populations, neighbor-joining trees that used only the individuals from those two groups could not be partitioned into exactly two clades, each of which contained the individuals from only one population (not shown).
Discussion
It is consistent with historical sources that the Libyan Jews should separate from and show strong differentiation from the other populations of our study. This population has a unique history among North African Jewish communities, including an early founding, a harsh bottleneck, possible admixture with local Berbers, limited contact with other Jewish communities, and small size in the recent past (1, 2, 4, 38) . Although the few Iberian and European Jews who settled in Libya probably had cultural influence disproportionate to their numbers, it may be that they and other Jewish immigrants left no sizable genetic signature. The characteristic genotypes detected here are therefore most likely attributable to the relative isolation of and possible genetic drift in the Libyan Jewish group. It is also notable that although cluster analysis separated the Libyan and Moroccan Jews, the lowest differentiation test statistic involving Libyan Jews was with Moroccan Jews, perhaps reflecting shared ancestral Jewish, Iberian Jewish, or Berber contributions to these populations, or gene flow among them.
In addition to highlighting the Libyan Jews, STRUCTURE also grouped 11 Ethiopian Jews and 4 Yemenite Jews in Cluster 2 ( Fig. 1 and Table 3 ), and the neighbor-joining tree identified clades with Ethiopian and Yemenite Jews intermixed (Fig. 2) . The differentiation statistic and genetic distances for the Ethiopian and Yemenite Jews were quite low, among the smallest of comparisons that involved either of these populations. Many hypotheses for the origin of the Ethiopian Jews have been proposed, including Jewish migrations from ancient Israel, Egypt, or Arabia, or conversions of native Ethiopians by North African or Arabian Jews (39, 40) . Both linguistic and historical evidence demonstrate that Ethiopian and Arabian peoples have communicated with each other since at least the 6th century BCE (41) . In addition, Yemen was ruled by governors from Ethiopia during 525-573 CE (42) . Although some authors have argued that Ethiopian Jews derive mostly from Africans (15, 43) , or that the Ethiopian Jews are distant from all other populations that they studied (24) , others have claimed that this group, as well as Ethiopian non-Jewish populations in general, may contain some African and some Middle Eastern ancestry (11, (44) (45) (46) (47) . Ethiopian Jewish Y-chromosomal haplotypes are often present in Yemenite and other Jewish populations (see table 1 in ref. 16 ), but analysis of Y-chromosomal haplotype frequencies does not indicate a close relationship between Ethiopian and other Jewish groups (see figure 2 in ref. 16 ).
Because STRUCTURE easily separates African and Asian individuals into different clusters (27) , it is possible that the 11 Ethiopian Jews that it placed into Cluster 2 are individuals who have significant native African ancestry. If this is the case, then the four Yemenite Jews who also fell into this cluster may be descendants of reverse migrants of African origin, who crossed from Ethiopia to Yemen. Gene flow and distant common ancestry are confounded here. However, the evidence of an African contribution to the ancestry of Ethiopian Jews and the evidence of communication All pairwise tests were significant below the 0.0005 level. Above the diagonal are values of the chi-squared test statistic; numbers of degrees of freedom for the tests ranged from 75 to 85. Below the diagonal lie the number of loci that produced pairwise population differentiation test statistics significant at the 0.01 level. For each population, the last column reports the average of the ratios of its chi-squared statistics to their numbers of degrees of freedom (df). across the Red Sea suggest that gene flow between these populations would be a more plausible explanation for our clustering of some Yemenite Jews with some Ethiopian Jews. Recent studies suggest that the Lemba of southern Africa derive partly from Yemenite Jews or other Semitic peoples of this region (17) , and that Ethiopians share a combination of African and Middle Eastern genotypes and languages (41, 46) . Together with these results, our data lend support to the theory that the Red Sea straits between Ethiopia and Arabia have been an important crossing point for migrating peoples.
Although gene flow between the Ethiopian and Yemenite Jewish populations is one explanation of our results, it is also possible that gene flow did not occur directly between these two populations, but rather took place between non-Jewish populations of Ethiopia and Arabia, between Ethiopian Jews and Ethiopian non-Jews, and also between Yemenite Jews and Yemenite non-Jews. This interpretation of indirect gene flow is not only consistent with the historical record of communication and the linguistic similarities of Ethiopia and Arabia, but also with the absence of evidence regarding communication between the two Jewish communities and the general ambivalence of previous studies about a direct Ethiopian Jewish and Yemenite Jewish genetic link. Thus, Cluster 2 may reflect the general distinctiveness of some peoples of this region with respect to the other groups in our study. A more satisfactory resolution of this issue will require assessment of Jewish and non-Jewish populations of the region.
The differentiation test statistics were smaller for the other populations in our study than for comparisons that involved the Ethiopian and Libyan Jews. Additionally, subclustering analysis of the individuals placed by STRUCTURE into Cluster 1 showed that this largest of the three clusters could not be further divided. Following the method of ref. 27 for estimating the number of clusters (K) in a data set, we did not find that K Ͼ 1 for the 111 individuals in Cluster 1.
In addition, when only those individuals from any two of the six populations represented mainly by Cluster 1 were included in STRUCTURE analysis, the individuals did not split into distinct clusters corresponding to their population affinities (not shown). The inability of STRUCTURE or the neighbor-joining tree to subdivide the populations that fell mostly into Cluster 1 may be attributable to a combination of several factors: gene flow among the groups, recent common ancestry, and population sizes too large to experience rapid genetic drift. Another complication may be that our sample sizes and number of loci may have been insufficient for STRUCTURE or the neighbor-joining tree to identify genetic subgroups. Perhaps we can only comment regarding these six populations that, because genetic distances were fairly small (generally lower than or similar to within- (27) yielded a highly significant clustering (X 2 ϭ 187.0, P Ͻ 10 Ϫ9 , 14 df).
continent allele-sharing distances for 11 geographically diverse human populations from ref. 48 , which ranged from 0.429 to 0.659), the populations of this study are indeed closely related genetically.
Between-cluster distances were also similar to previous comparisons of populations from the same continent: allele-sharing distances equaled 0.556 (Clusters 2 and 3), 0.359 (Clusters 3 and 1), and 0.439 (Clusters 1 and 2) . The allele-sharing distance between the Libyan Jewish cluster and the main cluster (Clusters 3 and 1) was less than all within-continent genetic distances for the worldwide data set of ref. 48 . Although the Libyan Jews are closely related to the other groups in our study, with typical allele-sharing and F st distances for intracontinental comparisons, the Libyan Jews separate into a unique cluster and they are distinguishable when our methods are used.
Although this separation of the Libyan Jews is consistent with their historical context, probable high levels of isolation of other populations in our study make it surprising that this group was the easiest to differentiate. Of the populations that did not form their own clusters, the failure of the Druze to separate is particularly puzzling. The Druze, an endogamous sect of Arab origin, derive from a founder population that numbered in the thousands and that was immediately closed to converts in the 11th century CE (49) . The group has been isolated long enough to develop private Y-chromosomal haplotypes of high frequency (50) , but the details of its genetic history remain unknown. As diverse followers of a particular religious leader, Druze founders may have had genetically heterogeneous origins. A larger study will be required to determine whether we did not separate the Druze and other population isolates in our study because of insufficient information or because of the genetic heterogeneity among founders and the action of other population genetic forces.
From a statistical perspective, it is of interest that STRUCTURE classified populations more finely than the neighbor-joining algorithm, as was found for a considerably more diverged data set of Asians and Europeans (27) . This result was due to the fact that neighbor-joining trees of individuals compress the information in two individual genotypes to a single distance and therefore use individual multilocus genotypes less efficiently than STRUCTURE does (27) . Tree representations of individual relationships, which have generally not recognized distinct populations from the same continent (32, 35) , even when individuals were taken from only two populations at a time (32), did not completely separate the groups of our study, although they did find the same trend as STRUCTURE in isolating Libyan Jewish clades.
The discrepancy between the distinctive Libyan Jewish cluster identified by STRUCTURE and the suggestive trends of Libyan Jewish isolation revealed by genetic distance and genetic differentiation calculations might provide a reason to be cautious about overinterpreting our results. However, we suggest alternatively that the additional information of full multilocus genotypes may give the STRUCTURE program considerable extra power to resolve population relationships beyond that of analysis based solely on allele frequencies. In particular, the use of individual multilocus genotypes for clustering allows the incorporation of linkage and higher-order disequilibria among the loci into the determination of population relationships. As an extreme example, consider two populations that have identical allele frequencies at many loci. Suppose one of these populations has complete linkage equilibrium, while the other population is a recent mixture of two distinct genetic populations and has considerable linkage disequilibrium. Most genetic distance measures would find zero distance between these two populations, and differentiation tests would not reject the null hypothesis of identical allele frequencies. However, STRUCTURE could use the different frequencies of multiocus genotypes to potentially identify two distinct genetic clusters. A simulation-based comparison of the resolving power of STRUCTURE and other methods at varying levels of linkage and higher-order disequilibria will be required to determine the extent of this effect. Disequilibrium, when present, needs large samples for its detection, and using the exact test implemented in GENEPOP (51), we did not find unusual deviation from linkage equilibrium in any of the populations in our study (not shown). Future studies may quantify sample sizes and linkage disequilibrium levels that allow STRUCTURE to identify separate clusters from a collection of individuals in situations where other methods are ineffective. An advantage of STRUCTURE is that clustering seems to improve with larger sample sizes in each population (27) , while the consistency of neighbor-joining trees with population affiliation (32) need not be systematically increased with more individuals.
As a secondary consideration, individual analysis allows for the consideration of Hardy-Weinberg disequilibrium as well as linkage disequilibrium. However, because Hardy-Weinberg disequilibrium breaks down over time faster than linkage disequilibrium, the information contained in linkage disequilibrium seems more important to the clustering of individuals from real populations than the information from Hardy-Weinberg disequilibrium.
Perhaps because most divergences among Jewish groups have taken place during the last 3,000 years, previous genetic studies based on allele frequencies and genetic distance have had insufficient power to resolve relationships among Jewish populations, including the Libyan Jews. Although these methods have achieved considerable success in understanding human genetic history at the level of continental differentiations, they have consistently been unable to distinguish populations within continents with great accuracy (32, 35, 48, 52, 53) . Future studies of human evolution that use autosomal loci to unravel relationships among closely related populations should make use of methods that go beyond treating loci independently, and which tap into the potential information lying in the associations among loci.
